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ABSTRACT

We have constructed an experimental apparatus for the synthesis (via pulsed laser
deposition) and analysis of nanoparticles and thin films of plutonium and other actinides. In-situ
analysis techniques include x-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), scanning tunneling microscopy (STM), and scanning tunneling
spectroscopy (STS). Also, the oxidation kinetics and the reaction kinetics of actinides with other
gaseous species can be studied with this experimental apparatus. Preliminary results on depleted
uranium are presented.

INTRODUCTION

Of all the actinides, plutonium is possibly one of the most challenging to study.
Computational modeling of plutonium, with its many unique and theoretically unexplained
properties [1], is currently ongoing (eg., [2], [3], and [4]). To develop the predictive capability
of these models, experimental benchmarks are needed. For electronic structure models, the most
direct comparison of models with experiment is provided through photoelectron spectroscopy.

To this end, we have constructed an experimental apparatus for the synthesis and analysis
of nanoparticles and thin films of plutonium and other actinides [5, 6]. It is suspected that the
electronic properties of plutonium vary with particle size; by measuring the electronic structure
evolution as it varies with particle size, we hope to determine the correlation and spin
contributions to the electronic structure.

Initial experiments are being preformed with depleted uranium. Depleted U has a lower
activity and toxicity than plutonium, allowing us to more easily test the different components of
the experimental apparatus. In this paper, we present initial results on depleted U.

EXPERIMENTAL DETAILS

The driving design requirements of the experimental apparatus were (1) that the total
amount of actinide used must be minimized and that (2) the vacuum vessels themselves serve as
containment vessels. A detailed description of the experimental apparatus is given in Ref. 6.

Briefly, nanoparticles of an actinide are deposited onto a 13 x 13 mm substrate (Si wafers
and Au-coated Si wafers) via pulsed laser deposition in a sample preparation chamber. The
actinide target used for deposition is small (< 25 mg), and the laser used is a Nd:YAG pulsed
laser (10 Hz pulse rate, 5 ns pulse duration) operating in the 532 nm (green) second harmonic.
The laser spot size on the target is ~0.009 cm”, giving a power density of ~0.3 GW/cm” for the
ablation of U. After production of a specimen, the substrate is transferred in-situ to an analysis
chamber. Here, the actinide deposit is analyzed using XPS, UPS, STS, and STM. In order to



insure that the samples do not oxidize too rapidly, pressure in the chamber must be kept in the
10" to 10" Torr range.

RESULTS

Depleted U was first deposited on a silicon substrate in January 2003. The sample was
oxidized, as evidenced by the large O 1s peak and the UOy 4f peaks seen in XPS. The pressure
in the experimental apparatus was in the low 10” torr range. This initial experiment proved the
experimental and design concepts used in the experimental apparatus, but more work was needed
to obtain unoxidized specimens.

Through the installation of new vacuum pumps giving pressures of ~3x 10" torr
throughout the experimental apparatus and, probably more importantly, better cleaning of the
surface of the depleted U target before ablation of a specimen, we have deposited unoxidized
depleted U on a Au-coated Si substrate. Due to bake-out of the sample preparation chamber
before the production of specimens, the surface of the depleted U target oxidizes. The cleaning
procedure consists of ablating this oxide layer onto a silicon substrate before ablating a
specimen. A neutral density filter (optical density 0.10, 79.43% transmittance) is now placed in
the laser beam path after the cleaning ablation to reduce the outer-wings of the beam profile
below the ablation threshold for the production of a specimen; we believe that this is helping to
obtain unoxidized specimens by ablating only unoxidized material during specimen preparation.
Also, by increasing the number of laser pulses used in the cleaning process, we believe that we
are more completely removing the oxide layer, which is helping to obtain unoxidized specimens.

Figure 1 shows the XPS U 4f peaks. As the specimen sits in the experimental apparatus,
it oxidizes, as shown by the UOy peaks increased intensity with time. The oxide peak does not
start becoming evident until ~4 h after ablation, giving us this much time to analyze a newly
prepared specimen.

Figure 2 shows the XPS at the Fermi level of the same specimen. The peaks at 2.5 eV
and 6.5 eV binding energy are from Au. A peak due to the U 5f electrons appears at the Fermi
edge in the U spectrum, in contrast to the clean Au spectrum. The Au and U spectra in figure 2
compare well with spectra in Ref. [7]. The peak at the Fermi edge decreases in intensity with
time due to the oxidation of U.

A quantitative analysis of the Au 4d and the U 4f peaks shows that the U coverage on the
Au substrate (the same specimen discussed above) is low (< 20%). This low coverage was
confirmed via ex-situ SEM of the specimen. The U particles have sizes ranging from 50 nm to 2
pum. Most of the U particles have a spherical shape, indicating that the U was molten prior and
then solidified prior to deposition onto the Au substrate. Other U particles have more oblong
shapes, possibly indicating that the U was still molten when it came into contact with the Au
substrate and wetted the substrate prior to solidification.
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Figure 1. XPS (1253.6 eV, Mg Ka) of the U 4f peaks at various times following initial
specimen preparation. Note the growth of the oxide peaks with time.
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Figure 2. XPS (1253.6 eV, Mg Ka) of the Fermi edge of U deposited onto Au coated Si
substrate at various times following initial specimen preparation. Also plotted with the 2.5 h
data is a spectrum from clean Au (O) and a high resolution spectrum of Au at the Fermi edge
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SUMMARY

We have demonstrated the capability of obtaining metallic actinides with a new
experimental apparatus. Further testing and benchmarking of the apparatus will proceed with
depleted uranium specimens produced via pulsed laser deposition, and then we plan to perform
experiments on plutonium.
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